Abstract: Ion channels exert a vital role in the dialogue between male and female gametes and thus in the generation of new individuals in many species. Intracellular Ca 2+ is possibly the key messenger between gametes. Different Ca 2+ -permeable channels have been detected in the plasma membrane and in the organelle-like acrosome membrane of sperm, which play vital roles in determining sperm fertilizing ability. Recent reports from several laboratories have adequately documented that the Ca 2+ -permeable channels of a sperm control a variety of functions ranging from motility to the acrosome reaction. In this article, we have reviewed the data from our and other laboratories, and have documented the mechanisms of different Ca 2+ -permeable channels involved in the fertilization event.
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Introduction
Calcium enters the cell through a specialized membrane protein called a calcium channel. There are several different classes of calcium channels that have been identified, and there are various antibodies to recognize the channels as well as specific drugs that can block the function of particular calcium channels. In spermatozoa, several key functions including acrosome reaction (AR) and motility, are regulated by cytoplasmic Ca 2+ concentration. Ca 2+ is a ubiquitous intracellular messenger that encodes information by temporal and spatial patterns of concentration. Despite the very small size and apparent structural simplicity of spermatozoa, evidence is accumulating that they possess sophisticated mechanisms for regulation of cytoplasmic Ca 2+ concentration and generation of complex Ca 2+ signals. Acrosome reaction is a secretory event triggered as the spermatozoon approaches the egg [1] . Although a number of intracellular messenger systems have been implicated and the biochemistry of the AR is complex [2, 3] , it appears that gating of Ca 2+ channels and consequent Ca 2+ influx plays a central role. As a consequence, several Ca 2+ ion channels blockers [4, 5] inhibit sperm motility and the AR in many species. Cytosolic Ca 2+ signals can control several physiological processes in excitable and non-excitable cells. These signals are produced by opening channels permeable to Ca 2+ either in the plasma membrane or in the membrane of intracellular organelles containing high Ca 2+ concentrations. Individual Ca 2+ -permeable channels can catalyze the flow of millions of Ca 2+ ions per second through non-conducting lipid bilayers. Therefore a small number of channels can cause significant changes in a tiny cell such as the sperm within milliseconds. Changes in the intracellular concentration of Ca 2+ due to the activation of such channels have been associated with different aspects of animal sperm function such as sperm motility, capacitation and the AR.
The focus of this review is the molecular mechanism of Ca 2+ -permeable channels in sperm. The detailed structure and mechanisms of Ca 2+ -permeable channels have been described by previous reviews [2, [6] [7] [8] [9] [10] [11] [12] [13] [14] .
Background information on calcium

Ca
2+ has come a long way from the old days of London tap water and is now known to control a number of key cell processes. Once Ca 2+ was recognized as a carrier of signals, it became important to understand how its concentration within cells was regulated. Reversible complexation to specific ligands soon emerged as the only reasonable means to perform the task. Several small cell ligands bind Ca 2+ with low affinity, but the process needed a complex ligand able to chelate Ca 2+ with the specificity and affinity demanded by the intracellular ambient. This still functionally mysterious Ca 2+ binding protein was to become the progenitor of a family of proteins known as EF hand proteins, which has now grown to nearly 600 members. EF hand proteins buffer Ca 2+ but also play another important role: they decode the information carried by Ca 2+ and pass it on to targets. They do so by changing conformation after binding Ca 2+ and after interacting with targets. Essentially, EF hand proteins become more hydrophobic on the surface after complexing Ca 2+ , approach the target, and collapse around its binding domain. Thus, these proteins are better defined as Ca 2+ modulated proteins, or Ca 2+ sensors. Additional proteins also decipher Ca 2+ signals, e.g., the annexins, gelsolin, and proteins containing C2 domains, but the EF hand proteins are the most important. They may function as a committed separate subunit of a single (enzyme) protein or as a subunit that associates reversibly with different proteins (e.g., CaM). They may even be an integral portion of the sequence of enzymes (e.g., calpain).
The control of Ca 2+ concentration in the cytoplasm and organelles is instead the sole role of proteins that, as a rule, are intrinsic to the plasma membrane and to the membranes of organelles (the rule has exceptions, e.g., the reticular luminal protein calsequestrin) and transport Ca 2+ across them. These proteins have no direct role in the processing of the Ca 2+ signal, but may also be targets of Ca 2+ regulation. These proteins belong to various classes: Ca 2+ channels in the plasma membrane are gated by voltage, by ligands, or by the emptying of internal Ca 2+ stores. In the endo (sarco) plasmic reticulum (ER/SR), the second "messengers," inositol 1, 4, 5 triphosphate (IP 3 ) and cyclic ADP ribose (cADPr) instead activate them. cADPr is assumed to act on channels that are also called ryanodine receptors (RyR), which are sensitive to the agonist caffeine. Accessory (protein) factors, among them CaM, may be required for the Ca 2+ -releasing effect of cADPr. Ca 2+ ATPases (pumps) are found in the plasma membrane (PMCA), in the ER/SR (SERCA), in the Golgi, and in the nuclear envelope. They export Ca 2+ to the ER/SR lumen or to the extracellular spaces. Other transporters are the Na + /Ca 2+ exchangers (NCX). Animal cells contain two NCX types, one in the plasma membrane and one in the inner membrane of mitochondria, the former being far better understood. In the heart, sarcolemmal NCX ejects Ca 2+ after the contraction phase reversing its cycle. Whereas the mitochondrial NCX returns the Ca 2+ to the cytosol that had been accumulated in the matrix by an unknown electrophoretic uniporter. The existence of so many diverse Ca 2+ transporters is justified by their different properties. These differences satisfy the demands of cells in terms of Ca 2+ homeostasis; e.g., pumps have high Ca 2+ affinity but limited transport capacity, and the plasma membrane NCXs have opposite properties. Ca 2+ is traditionally described as a second messenger liberated from intracellular stores. However, Ca 2+ itself may liberate Ca 2+ from these stores, thus adding one more step to the signaling cascade as if the liberated Ca 2+ were a "third" messenger. To increase the complexity of the circumstances, one could add that activating Ca 2+ could come directly from external rather than internal stores. • simultaneous recording of other parameters: multi labeling -strong absorption at a coincident excitation, well-separable emission spectra. Fluorescent dyes are designed to have a high affinity to specific ions; for example, Fura-2 is specific to calcium ions. When they bind to an ion, their fluorescent properties are altered. By quantitatively interpreting the changes in fluorescent properties, the concentration of the ion being investigated can be measured. Micromolar concentrations of dye are used as indicators of free ion concentrations. The dye binds to negligible amounts of ions as compared to the total quantity of the ion species in question, and therefore does not significantly alter the statistical equilibrium of bound and free ions. When the free ion concentration changes, the equilibrium between free indicator dye and ion-bound dye also changes, resulting in a change in the fluorescent properties of the indicator dye. For example, when the calcium-sensitive dye Fura-2 binds to a Ca 2+ ion, its fluorescence excitation maximum shifts from 372 nm to 340 nm. When the ion is released, the maximum shifts back to 372 nm. The excitation spectrum of the sample loaded with Fura-2 will be a linear combination of the excitation spectra of the dye in the bound and free forms. This will uniquely define the relative proportion of each form. To quantitatively characterize the relative concentrations of Ca 2+ -bound and Ca 2+ -free dye, and thus measure [Ca 2+ ] i , calculating the ratio of the intensities of fluorescence at the two excitation wavelengths is sufficient. The measurement of [Ca 2+ ] i concentration is based on the analytical expression:
Properties of Ca
where R is the ratio of the fluorescence intensities obtained with excitation at 340 nm and 380 nm; R min and R max are the limiting ratios, and S f 2 and S b2 are the limiting 380 nm fluorescence intensities in the absence of Ca 2+ and in the presence of saturating amounts of Ca 2+ , respectively [15] .
3 Types of Ca 2+ channels
Voltage-operated Ca 2+ channels
They were first isolated in 1984 from transverse tubules of skeletal muscle, where they act primarily as voltage sensors for excitation-contraction coupling. Voltage-operated calcium channels (VOCCs) are found in protozoa like Paramecium as well as in almost every excitable cell in animals. They have a unique role in that they are involved in detecting electrical signals and transforming them into chemical signals. VOCCs have been described and characterized using both electrophysiological and molecular biology techniques in a wide variety of somatic cells. VOCCs can be classified into at least six types (T, L, N, P, Q, R), based upon their biophysical characteristics and sensitivity to a range of drugs and toxins [16, 17] . However, the most straightforward classification comprises only two groups: high voltage activated (HVA) and low voltage activated (LVA) channels.
The name of HVA channels is derived from their requirement for a relatively large depolarization (positive shift of the membrane potential from its resting value, for example, from -80 to -30 mV) to induce channel opening. Normally, HVA channels open at voltages ≥ −30 mV and have been divided into L, N, P, Q and R types. The nature of these distinctions is confirmed by the discrete pharmacological sensitivity of each of the HVA channel subtypes [6, 7, 18] . L-type channels show a particular sensitivity to 1, 4-dihydropyridines (DHPs), whereas N-type channels are uniquely sensitive to ω-conotoxin GVIA (from the cone snail Conus geographus). P, Q and R channels can be separated by their differential sensitivities to ω-conotoxins and ω-agatoxins (from the funnel web spider Agelenopsis aptera) [7, 18, 19] .
LVA channels activate in response to relatively modest depolarizations (typically ≥ -60 mV) and are characterized by the lowest single channel conductance of all the VOCCs and by the transient nature of their whole cell current. The T-type normally activates at voltages ≥ -60mV and is referred to as LVA channel. Usually, LVA channels inactivate within 50-100 ms in response to a step voltage change. Nickel (Ni 2+ ), mibefradil and amiloride have an inhibitory effect on T-type Ca 2+ currents [20, 21] . However, at higher concentrations mibefradil can antagonize HVA Ca 2+ currents [22, 23] . Recently two toxins from the scorpion, Parabuthus granulatus, named kurtoxin-like I and II (KLI and KLII, respectively) have been shown to decrease T-type Ca 2+ channel activity [24] in spermatogenic cells.
Fig. 1 Structure and functional characteristics of various Ca
2+ -permeable channels in sperm. (A) Putative structure of the pore-forming α1 subunit of voltage-gated (Ca v ) channels. All Ca v are made up of four repeating domains numbered I-IV from the N-terminus. Each domain is composed of six membrane-spanning alpha-helical regions numbered 1-6. The putative pore region is formed by a hydrophilic region between transmembrane helices 5 and 6. Transmembrane helix 4 in each domain includes a high proportion of charged residues and is believed to act as a voltage sensor. Key regions of Ca v channel regulation include binding regions in the C-terminus for Ca 2+ (EF hand) and calmodulin (CaM) (IQ domain) in most, but not all Ca v α1 subunits. (B) Cation channels of the transient receptor potential canonical (TRPC) family. Six membranespanning segments are linked by extracellular or intracellular loops. The intracellular N-terminus contains four ankyrin-like repeats (Ank R) and a coiled-coil (CC) domain. It seems that, these are sites where TRPC channels interact with other proteins. CIRB is the putative CaM-and IP 3 R-binding domain, and PDZ is the region that binds PDZ domains in other proteins. (C) The cyclic nucleotide-gated (CNG) channel. The putative transmembrane domains are numbered 1-6. A putative IQ domain is labeled in the Nterminus.
Fig. 1 (continued) Structure and functional characteristics of various Ca
2+ -permeable channels in sperm. (D) Structural model of sperm cation channel, CatSper. It also contains a six transmembrane repeat protein. Several histidine residues in the histidine-rich (His-Rich) domain located at the N-terminus of CatSper1 might be involved in the pH regulation of sperm motility. (E) The structure of the polycystin-2 channel is also determined by the typical six putative transmembrane domains of Ca 2+ -permeable channels. The C-terminus of polycystin-2 includes consensus binding regions for Ca 2+ (EF hands), calmodulin and cytoskeletal proteins.
Molecular studies have shown that all VOCCs are members of the same protein family and are structurally alike. The main structural component is an α1 (pore-forming) protein subunit, composed of four homologous domains (Fig. 1) , which are interconnected by cytoplasmic linker regions. Each domain is made up of six transmembrane helices, 1-6. Eight of these helices (5, 6 , and the 5-6 linkers from each repeat) are believed to surround the channel pore [8] [41] [42] [43] . Although modest effects of auxiliary subunits on T-type channels have been reported [44, 45] , most data on expression of recombinant channels indicate that LVA channels can function independently, without associating with any auxiliary subunit [46, 47] .
Chemistry of Ca
2+ channel blockers of medical interest 
TRP channels
The transient r eceptor potential (TRP) super family consists of a diverse set of proteins whose primary function is to regulate the plasma membrane permeability of animal cells to a variety of ions. TRP channels are the vanguard of our sensory systems, responding to temperature, touch, pain, osmolarity, pheromones, taste, and other stimuli. However, their role is much greater than simply sensory. TPR channels are an ancient sensory apparatus for the cell, not just the multicellular organism. They have adapted to respond to all manner of stimuli, intra and extracellular [48] . TRP channels may be categorized as nonselective cation channels, although they demonstrate large diversity in the characteristics of their permeability to ions and some of them are highly selective for Ca 2+ . Channel activity is affected by several physical parameters such as osmolarity, pH, mechanical force, as well as biochemical interactions with external ligands or cellular proteins. TRP channels have been found in many cells and organs, testis being one of them. The first TRP channel was identified as the defective gene product in a blind Drosophila mutant [49] . The most prominent cellular signaling pathways in which TRPs are functionally involved are also mediated via PLC [50] [51] [52] [53] [54] [55] . 
Table 1 Distribution of Ca
2+
-permeable channels in different animals' sperm.
TRP channels are a diverse group of proteins organized into six families: classical or canonical (TRPC), vanilloid (TRPV), melastatin-related (TRPM), mucolipins (TRPML), polycystins (TRPP), and ANKTM1 (TRPA) [56] . The sequence of all TRP channels reveals the presence of six putative transmembrane domains and a pore loop between transmembrane segments 5 and 6 (Fig. 1) . Comparison of the fourth transmembrane domain (the classical voltage sensor) with those of bona-fide voltage-operated channels suggests that the residues contributing to voltage sensitivity are less prominent within the TRP super family. In addition, there are a number of functional domains at the N-and C-termini of different members in this family.
Several mechanisms have been proposed to account for Ca 2+ store-related activation of certain TRP channels. The two main mechanisms are (1) direct store operation, via conformational coupling between TRP and the IP 3 receptor and (2) indirect modulation, via activation of phospholipase C (PLC) that leads to the production of second messengers such as diacylglycerol (DAG) or polyunsaturated fatty acids (PUFAs). Although both mechanisms have been formulated in very general terms, there are more questions than available answers regarding the underlying molecular details. Furthermore, different investigators have reported conflicting results regarding the basic classification of various TRP channels as store operated or store independent. A possible explanation of this confusion is that the activation and regulation mechanism of TRP gating involves interactions among several key proteins [48] . In the first explanation, the "receptor-operated hypothesis," PLC activation via G proteins produces additional messengers that open the TRP channels. G protein receptor-mediated PLC activation generates numerous signaling molecules, creating the task to identify the receptor-activated messenger that directly opens TRP channels. Phosphatidylinositol 4,5-bisphosphate (PIP 2 ) is a candidate for this function, because it can regulate many ion channels [57] and its concentration depends particularly on PLC activity. Secondly, the "cell sensory hypothesis" derives from the fact that different members of the TRP superfamily are involved in sensing stimuli such as heat, cold, touch, taste, osmolarity, and mechanical stretching. Temperature is known to affect the activation of a number of TRP channels, such as TRPVs 1-4 and TRPM 8. Lastly, the most relevant to the role of TRP channels in sperm is the "store-operated Ca 2+ entry hypothesis." TRP channels are good candidates to be the store-operated SOC or capacitative Ca 2+ channels. In this case, the opening of TRP channels occurs after the classic activation of PLC by receptor-activated G proteins or receptor tyrosine kinases, the subsequent production of IP 3 , and the release of Ca 2+ from intracellular stores. Various members of the TRP family have been identified in spermatogenic cells and sperm (Table 1) . Seven closely related genes encoding TRPC channels (termed TRPC1-7) have been identified in mouse and TRPC 1, 3, 6, and 7 in human spermatogenic cells, respectively [58, 59] . In mature mouse sperm TRPC 1, 2, 3, and 6 were immunolocalized predominantly in the flagella whereas TRPC 2 localizes to the overlying region of the acrosome [59, 60] . TRPC proteins are also present in human sperm; TRPC 1, 3, 4, and 6 were detected mainly in flagella, suggesting these channels may participate in sperm motility in both species [58, 59] . In addition, three TRP genes are found in Caenorhabditis elegans [61] . Remarkably, TRPC 3 mutant sperm are motile, but fail to fertilize oocytes after gamete contact. TRPC 3 is initially located in intracellular vesicles and is translocated to the plasma membrane during sperm activation. This process enhances store-operated and receptor-operated Ca 2+ influx allowing sperm to fertilize [62] .
Ca
2+ release channels
There are two Ca 2+ release channels located in the membrane of sarcoplasmic reticulum (SR): one of them is RyR, because of its sensitivity to inhibition by the plant alkaloid ryanodine, and the other is the inositol triphosphate receptor (IP 3 R). Activation of the voltage-operated Ca 2+ channels by an action potential in the T tubule leads to opening of ryanodine-sensitive Ca 2+ release channels. Ca 2+ moves from the SR lumen to the cytosol, passing first through the transmembrane portion of the RyR, and then through the ryanodine receptor's cytoplasmic assembly. The RyR itself is activated by cytosolic Ca 2+ at micromolar concentrations. Higher (e.g., mM) cytosolic Ca 2+ inactivates the RyR contributing to signal turn-off. IP 3 is generated via the activation of a G proteinor tyrosine kinase-coupled receptor, which in turn activates a PLC with the subsequent cleavage of PIP 2 to produce IP 3 and diacylglycerol (DAG).
IP 3 triggers Ca 2+ release from intracellular stores through IP 3 receptor channels producing the initial transient increase in intracellular Ca 2+ . After a short delay, Ca 2+ also enters the cell from the extracellular space, producing a sustained Ca 2+ elevation. The channels involved in this process are known as capacitative channels or store-operated channels (SOCs) [11] . In some reports, it was found that IP 3 Rs are present in sea urchin and the mammalian sperm acrosome membrane [63] [64] [65] [66] [67] (Table 1) .
Other Ca
2+ -permeable channels Cyclic nucleotides are important elements of cellular signaling in sperm of both vertebrates and invertebrates [2, 68] . Cyclic nucleotide-gated (CNG) channels are nonselective cation channels that poorly discriminate between alkali ions and even allow the passage of divalent cations, eg. Ca 2+ . Cyclic nucleotides directly activate CNG channels by binding to a site on the channel protein. cAMP and cGMP mediate several cellular responses including acrosomal exocytosis, flageller motility, and chemotaxis. The egg coat containing chemical components governs the flagellar motility of sperm. In sea urchin (Strongylocentrotus purpuratus), an egg coat component named speract (a short peptide) activates a receptor-type guanylate cyclase (GC), and thereby increases intracellular cGMP concentration [2, 68] . Speract also gives rise to an increase of intracellular Ca 2+ . In starfish (Asterias amurensis), asterosap (an egg coat component) also increases intracellular cGMP and Ca 2+ [69] . Owing to their high Ca 2+ permeability, CNG channels are among the prime candidates for the Ca 2+ entry pathway. CNG channels consist of six membrane-spanning segments (1-6), followed by a cNMP binding domain near the C terminus (Fig. 1) . A pore region located between the 5th and the 6th segment in CNG channels resembles the pore motif found in Ca v channels [12, 70] .
The search for CNG channels was more successful in mammalian sperm. The testicular expression of several CNG channel subunits (A3, B1, and B3) has been suggested by cloning of cDNA from testis libraries or by Northern blot analysis [13, [71] [72] [73] [74] ]. Antibodies specific for the A3 and B1 subunits labeled the flagellum of mature sperm and precursor cells in cross-sections of seminiferous tubules [74] . Heterologous expression of the A3 subunit cloned from testis produces channels that are cGMP sensitive and cGMP selective: the K 1/2 for cAMP is ∼200-fold higher than the K 1/2 for cGMP (8.3 and 1.720 μM, respectively [73] ). In addition, a Ca 2+ permeable channel activated by both cNMPs and hyperpolarizing potentials (termed SPIH) was initially cloned from sea urchin testis and functionally expressed in HEK-293 cells [75] . Therefore, these channels might be involved in a cGMP-stimulated Ca 2+ influx into intact sperm [74] . cGMP-stimulated channel activity was detected in small vesicles that might have been derived from cytoplasmic droplets and in patches excised from osmotically swollen sperm. Cyclic nucleotidemediated Ca 2+ influx into sperm was studied by confocal laser scanning microscopy [74] . The 8-bromo-and 8-pCPT-analogs of cGMP were delivered from caged compounds by brief flashes of ultraviolet light. Photolysis of both caged compounds evokes a Ca 2+ influx into sperm; the respective derivatives of cAMP are much less effective. The Ca 2+ influx depends on the presence of extracellular Ca 2+ and was greatly reduced at high extracellular Mg 2+ concentrations. As knock-out mice lacking the A3 subunit are fertile [76] , at this point one can only speculate about a functional role of cGMP-selective CNG channels in sperm. CNG channels might be involved in some aspect of motility control or more specifically, in chemotactic swimming behavior, in the process of capacitation or acrosomal exocytosis.
The protein CatSper ('cation channel of sperm'), discovered in October 2000 in the lab of Dr. David Clapham at Children's Hospital in Boston, controls the flow of calcium into the tails of spermatozoa. This influx of calcium triggers the sperm's motor proteins causing the tail to beat [77, 78] . Two key points regarding this channel appear to make it a strong candidate for a contraceptive. First, it was determined that this particular calcium ion channel is only present in the principal piece of the sperm flagella and in no other tissues tested. Second, disruption of the gene responsible for this channel resulted in sperm unable to fertilize intact eggs.
Two members of this family (CatSper1 and CatSper2) are known to be required for male fertility [77, 78] . Recently, two new members of the CatSper family (CatSper3 and CatSper4) have been identified [79, 80] . Each of the new CatSper genes are predicted to be expressed in the testes, and the corresponding proteins may share the characteristic molecular architecture of the voltage-gated channel ion transport α subunit found in VOCCs. Targeted disruption of the CatSper1 gene in mutant mice results in male sterility, and abolishes the cAMP-induced Ca 2+ influx. The CatSper channels are unrelated to CNG or HCN channels; in particular, they are lacking a cAMP/cGMP-binding domain.
An intriguing possibility is that CNG and CatSper subunits co-assemble to form Ca 2+ -permeable and cyclic nucleotide-sensitive ion channels.
Roles of Ca
2+ -permeable channels in sperm activation
Motility
Elevation of Ca 2+ is known to be important for the activation of sperm motility. Different types of Ca 2+ channels are involved in the process of sperm motility [4] . Immunolocalization studies showed that at least two Ca v 3 channels (α 1 3.2 and α 1 3.3) are heterogeneously distributed in mouse and human sperm. These channels are present in the sperm flagella, and compounds known to inhibit them induce a small decrease in human sperm motility, indicating that they might participate in regulating this function [37] . At least four distinct types of capacitative Ca 2+ channels (TRPC1, 3, 4 and 6) are expressed and differentially localized in the human sperm. The effects of specific TRPC channel antagonists provide evidence that these proteins may play an important role in sperm flagellar movement [58] . CatSper mediates the Ca 2+ influx that is essential for hyperactivation and is located in the principal piece of the flagella [77] . The Ca 2+ oscillations were dependent on RyR activity rather than that of IP 3 Rs, in contrast to bull sperm which RyRs were not detected [81, 82] . In both bull sperm and human sperm, the increases and oscillations in intracellular Ca 2+ and the motility changes were dependent on external Ca 2+ , but not immediately.
Intracellular cyclic nucleotides increase activation of sperm motility in many animals. In sea urchin sperm, the binding of SAP and activation of GC enhance K + efflux through a cGMP-dependent channel, causing a decrease in membrane hyperpolarization [83, 84] . A cation channel, SPIH, has been cloned in sea urchin and shown to belong to the hyperpolarization-activated and cyclic nucleotide-gated (HCN) channel family [75] . SPIH is localized along the flagellum and may play roles in the activation of sperm motility. In starfish, asterosap (a group of equally active isoforms of sperm-activating peptides from the egg jelly) functions as a chemotactic factor for sperm [85] [86] [87] [88] [89] . Asterosap transiently increases the intracellular cGMP level of sperm [69] , which in turn induces a transient elevation of intracellular Ca 2+ concentration, most probably through a Na + /Ca 2+ exchanger [90] . In carp sperm, membrane hyperpolarization removes inactivation of Ca 2+ channels and causes Ca 2+ influx at initiation of sperm motility [91] .
Capacitation and acrosome reaction
Unlike in lower animals, ejaculated sperm from mammals must undergo capacitation in order to fertilize an oocyte. Sperm become "fertilization competent" as they reside in the female reproductive tract through a series of physiological changes known as capacitation. Capacitation has been referred to as the changes that enable sperm to undergo both the AR and hyperactivation. Capacitation has been correlated with changes in sperm intracellular ion concentration, plasma membrane fluidity, metabolism and motility [14] . Various studies have shown that capacitation is dependent on different ions, among them Ca 2+ being an important one [6, 92] . Ca v channels other than T-type, as well as several members of the TRP family have also been identified in sperm (Table 1) , and their particular role during capacitation, if any, remains to be established. It was found that when mammalian spermatozoa are exposed to solubilize zona, both the intracellular Ca 2+ response and the AR are blocked by DHPs, a class of drugs that are specific to VOCCs [93, 94] .
The acrosome is an organelle that develops over the anterior half of the spermatozoon's head. As the sperm approaches the egg, the membrane surrounding the acrosome fuses with the plasma membrane of the sperm, exposing the contents of the acrosome and rendering the sperm capable of fusing with the egg. There are considerable species variations in the morphology and consequences of the AR. Extracellular Ca 2+ are required for the AR, which is characterized by two major physiological events: the exocytosis of the acrosomal vesicle and the extension of the acrosomal process [95, 96] [40] . On the other hand, as in the mammalian sperm AR [60, 98, 99] , the second channel appears to be a SOC channel [100] . In fact, IP 3 receptors have been detected in sea urchin sperm, possibly in the acrosome [67] ] i increase due to opening of SOCs at the plasma membrane. It is to be expected that the SOCs belong to the TRP family. TRPC 2 has been involved in the ZP3-induced mouse AR [60] , and the acrosome region of these sperm contains at least TRPC 1, 2 and 5. Maitotoxin, which induces Ca 2+ uptake through its action on TRPs is the most persuasive AR inducer aside from ZP [103] .
During capacitation sperm Em become hyperpolarized and K + gradients influence this change. Biochemical and molecular biology data suggest the presence of various K + channels in mammalian testis and sperm [104, 105] as well as in male germ cells [106, 107] . Particularly, the participation of a pH-regulated inward rectifier, K + channel (Kir) has been suggested in the capacitation-associated hyperpolarization [107] . The addition of Ba 2+ to the capacitating medium blocks and inwardly rectifying channels inhibits membrane hyperpolarization and to some extent the sperm AR. ZP causes changes in Em in addition to elevating [Ca 2+ ] i and pH i of mature capacitated sperm, which leads to acrosomal exocytosis. Single-cell measurements with fluorescent ion indicators have revealed that ZP increases sperm [Ca 2+ ] i before exocytosis occurs [108] . Pertussis toxin (PTX), a specific inhibitor of the G i class of heterotrimeric G proteins, inhibits the ZPinduced AR and its associated ion fluxes in mouse, bovine, and human sperm [108] [109] [110] . Based on this conformity, several G proteins have been identified in mammalian sperm, such as G i and G z [111] , and ZP activates G i1 and G i2 in mouse sperm [112] . Ca 2+ channels can be regulated by G proteins [113] , because it is believed that the PTXsensitive step is the ZP-induced pH i increase necessary for the AR [114] .
Concluding remarks
A large body of experimental evidence indicates that the activation of Ca 2+ -permeable channels strongly influences sperm function both in species with external fertilization and in mammals. Modern developments in the experimental tools to study Ca 2+ -permeable channels are extending our understanding of how these channels are operated and regulated in the sperm. Despite considerable progress, a number of questions regarding Ca 2+ -permeable channels in spermatozoa and their role in the AR are still to be answered. 
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